Deposition of metals on binary alloy surfaces offers new possibilities for guiding the formation of functional metal nanostructures. This idea is explored with scanning tunneling microscopy studies and atomistic-level analysis and modeling of nonequilibrium island formation. For Au/NiAl(110), complex monolayer structures are found and compared with the simple fcc(110) bilayer structure recently observed for Ag/NiAl(110). We also consider a more complex codeposition system, ðNi þ AlÞ∕NiAlð110Þ, which offers the opportunity for fundamental studies of self-growth of alloys including deviations for equilibrium ordering. A general multisite lattice-gas model framework enables analysis of structure selection and morphological evolution in these systems.
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deposition | epitaxial growth | STM | DFT | KMC S elf-assembly involves the autonomous organization of components into structures (1) . This process requires mobility of aggregating components, and usually occurs on smooth surfaces or in fluids. Some degree of relaxation in the aggregated state is typically also operative. Self-assembly can be manifested in either complex equilibrium structures, e.g., reflecting competing interactions, or in far-from-equilibrium growth structures (1) . The latter can be very different and more diverse than the equilibrium forms (2) . Significantly, self-assembly provides a practical strategy for creating ensembles of nanostructures with unique size and shape dependent properties, a central goal of nanotechnology.
A broad range of systems self-assemble, spanning hard and soft matter, with a wide variety of interactions and component sizes. We consider the formation of metal nanostructures motivated by applications ranging from catalysis to plasmonics (3) (4) (5) . Our specific focus is vapor deposition of metal atoms on single-crystal metal surfaces under the well controlled conditions of ultrahigh vacuum (UHV). This process leads to the self-assembly of metal nanostructures and growth of epitaxial metal films. Here, the nonaggregated components are rapidly diffusing adsorbed atoms (adatoms) which assemble into islands. Relaxation in the aggregated state can be achieved via diffusion of adatoms along island edges or via detachment-reattachment. Understanding these processes on the atomic scale facilitates guided formation of functional nanostructures with tailored morphologies and (for alloys) compositions. Ideally, control over formation allows tuning of desired properties, e.g., for heterogeneous catalysis (6) .
Despite the complexity of self-assembly processes, significant advances are being made in the development of predictive models even in soft material systems (7). Our focus on epitaxial growth on perfect single-crystal surfaces (hard materials) under UHV has a special advantage in facilitating extremely detailed and realistic atomistic-level modeling. Localization of adatoms to a periodic array of adsorption sites enables the use of lattice-gas (LG) models for which nonequilibrium evolution can be efficiently analyzed on the appropriate time-and length-scales via kinetic Monte Carlo (KMC) simulation (8, 9) . Critical energetic input parameters (adatom adsorption and interaction energies, and diffusion barriers) can be obtained or at least guided by ab initio density functional theory (DFT) analysis.
Since the early 1990's, there have been major advances in understanding the rich variety of far-from-equilibrium morphologies observed in "simple" metal homoepitaxial growth (A on A) (8, 9) . Of most relevance there was the observation for submonolayer growth of diverse two-dimensional island growth shapes, which included dendrites and fractals (reflecting inhibited edge diffusion) as well as compact structures. Island coalescence and multilayer growth at higher coverages are also well understood. For metal heteroepitaxial growth (A on B) with low misfit, behavior can in fact be quite similar to homoepitaxy, particularly with regard to two-dimensional island growth shapes. However, the relative strengths of chemical interactions (A-A vs. A-B) as well as strain due to lattice-mismatch (of A and B) generally control the multilayer growth mode, e.g., smooth vs. rough, which is traditionally assessed using equilibrium concepts (10) . Recent studies have revealed other growth modes, e.g., "electronic growth" of height-selected islands reflecting "quantum size effects" (QSE) of electrons confined in the metal overlayer (11, 12) .
For more complex metal heteroepitaxial systems with alloying, a diverse structural and compositional phase-space of island and adlayer configurations is possible. Heteroepitaxial growth of A on B with intermixing produces ðA þ BÞ∕B binary alloy surface structures which can display stress domain patterns (13) , unusual growth structures (14) , and have applications for catalysis (15) . Studies of heteroepitaxial code-position A þ B on C (16) have explored near-equilibrated patterns (e.g., stripes or droplets analogous to diblock copolymer systems) reflecting an interplay between chemical interactions and strain, as well as fundamental issues such as the interplay between nonequilibrium AB-ordering and growth (17) .
The focus of this contribution is the exploration of metal deposition on a binary alloy surface. Such systems offer new opportunities and possibilities for guiding the formation of metal nanostructures and thin films with desirable properties. Specifically, we analyze deposition of Au on NiAl(110), and compare its behavior with that of Ag/NiAl(110). In addition, this paper explores an even more complex system, codeposition of Ni and Al on NiAl(110). For the latter, the equilibrium adlayer or thin film morphology is a simple perfect alloy overlayer for stoichiometric codeposition, but observed structures are quite different. There are actually few previous studies of metal deposition on well-characterized alloy surfaces. Some recent work manipulated adatoms with a scanning tunneling microscope (STM) tip to assemble Ag and Au into atomic rows on NiAl(110) (18) . In contrast, our focus is on spontaneous, diffusion-mediated self-assembly of island nanostructures during deposition. Working at or close to room temperature ensures that island structures are far-from-equilibrium and that the substrate is essentially frozen. In contrast, a previous study of Al deposition on NiAl(110) at 700-900 K revealed a dynamic substrate with bulk defects impacting film growth (19) .
Our strategy is to closely integrate experiment, theory, and modeling in analyzing these complex alloy systems. We introduce multisite LG models which have the flexibility to treat multiple adsorption sites and diffusion pathways, as well as selection from a variety of competing structures. Because nanostructure formation analyzed here is far-from-equilibrium, it is not sufficient for our modeling to just describe correctly the thermodynamics of the system (via adatom adsorption energies and interactions). The models must also provide a realistic and accurate treatment of diffusion kinetics. Our approach has general applicability for multicomponent epitaxial surface nanostructures.
Thin Film Deposition: Key Concepts
For epitaxial growth either on single-component or binary alloy crystalline substrates, the surfaces are usually prepared to have morphologies with atomically flat broad terraces separated by monoatomic steps. The key underlying atomistic processes are as follows (8, 9) : random deposition of single atoms; terrace diffusion; aggregation of diffusing atoms into new stable islands (island nucleation); attachment of diffusing atoms to existing islands (island growth); edge diffusion; possible detachment from islands; and interlayer transport. It is the cooperative interplay between all these processes which determines thin film morphology.
On perfect terraces of single-component substrates, there is often a single type of stable adsorption site for a metal adatom, e.g., the fourfold hollow site on body-centered-cubic (bcc) or facecentered-cubic (fcc) (100) surfaces. Metal atoms diffuse across terraces often via simple hopping between neighboring stable sites. For alloy surfaces, in general there are distinct types of stable adsorption sites with very different adsorption energies. This feature can diversify the possibilities for terrace and edge diffusion pathways and energetics. This feature may also allow a variety of relatively stable configurations for small clusters or islands of adatoms (such as ad-dimers), thus impacting the nucleation process.
The early stage of deposition (on broad terraces) is characterized by a competition between nucleation of new islands and growth of existing islands. It is common to introduce a critical size, i, such that islands with >i atoms are stable (8, 9) . Then i ¼ 1 (i > 1) corresponds to irreversible (reversible) island formation. For homogeneous nucleation on perfect terraces, traditional mean-field rate equations are often used to describe the dependence of island density, N isl , on temperature T or deposition flux F, but they fail to describe the island size distribution (ISD) (9) . Alloy surfaces tend to be imperfect, e.g., due to surface segregation which produces exchange defects which can constitute traps for heterogeneous nucleation of islands (20) . Then, N isl can reflect the trap density.
The later stages of deposition are characterized by island coalescence, and subsequent formation of continuous multilayer films. Sometimes, island coalescence and smooth multilayer growth are inhibited by the presence of an Ehrlich-Schwoebel (ES) barrier restricting downward transport from higher to lower layers (8, 9) .
Methods
Regarding our experimental procedures, the UHV system, preparation of the NiAl(110) surface, the available surface analytic techniques, and deposition procedures, are described in refs. [20] [21] [22] . Sample preparation can produce broad terraces up to 1 μm wide. Film purity is checked with Auger electron spectroscopy and X-ray photoemission spectroscopy (XPS), and the absence of intermixing with the substrate is deduced from XPS. Film morphologies are probed using an Omicron variable-T STM.
We have performed the extensive DFT analysis using the plane-wave based VASP package (23) using the projector augmented wave approach and the Perdew-Burke-Ernzerhof functional. DFT analysis is performed for: (i) the energetics of various configurations of complete overlayers and multilayer thin films; (ii) single-atom adsorption energies at different adsorption sites on the substrate; (iii) adatom-adatom interaction energies; and (iv) terrace and edge diffusion barriers. These energies are incorporated into single-or multisite LG models wherein atoms are deposited at and hop between periodic array(s) of adsorption sites. LG models are efficiently analyzed by KMC simulation (8, 9) . Accurate barriers, E act , for Arrhenius hop rates must be prescribed not just for terrace diffusion, but also for edge diffusion, attachmentdetachment, and interlayer transport for many step edge configurations.
We employ two strategies for prescription of E act which must be consistent with detailed balance. The first approximate strategy is geared to single-component systems with simpler island shapes (20, 21) . DFT is used to determine barriers for terrace and straight edge configurations. A general form for E act ¼ E o − E i is developed which recovers these barriers and satisfies detailed balance. E i is the total lateral interaction in the initial state (with attractions being negative). For all intralayer attachment, detachment, and terrace diffusion processes, E o is the terrace diffusion barrier for an isolated adatom. For edge diffusion with the atom at the edge both before and after the hop, E o is selected to recover DFT barriers for straight edges. For interlayer diffusion, E o must have the same value for both upward and downward hops. Modification is required to account for an ES barrier and for differing adsorption energies in different layers.
A powerful second general strategy can handle much more complex systems. We use DFT to guide selection of two distinct sets of adatom interactions, one for both adatoms at adsorption sites, and another for one adatom at relevant transition states (TS) for hopping. Then, given adsorption energies at both types of sites, one can calculate the total energy for the adatom at the initial site, E init , and at the transition state, E TS . These energies are simply the sum of the adsorption energy (taken as negative) and the total lateral interaction energy (with attractions being negative). Then, the barrier for hopping satisfies E act ¼ E TS − E init . We assume pairwise additive interactions, and that the location of the TS for hopping does not depend strongly on the local environment. Relevant schematics are shown below.
Previous formulations for E act in surface processes (either epitaxial film growth or surface reactions) consider adatom interactions only with adatoms at adsorption sites and just estimate behavior at the TS. In contrast, our approach directly determining interactions affecting E TS yields precise E act for vast numbers of edge configurations in complex multisite, multicomponent systems. Again, this precision is key for reliable description of nonequilibrium nanostructure formation.
Au on NiAl(110) and Comparison with Ag on NiAl(110)
A natural motivation for this study comes from the relevance of both Au and Ag for catalysis, e.g., Ag for ethylene epoxidation and Au for oxidation reactions (6, 24) . The two metals are similar. An appealing and unifying feature for our study is that Au and Ag have almost identical fcc lattice constants, and furthermore there is an almost perfect match between rectangular surface unit cells for Au(110) and Ag(110) and that for NiAl(110). Thus, one might achieve film growth in the absence of lateral mismatch strain, although growth of fcc metals on a substrate with CsCl bcc structure still must involve some strain. Also given the similar electronic (as well as structural) properties of Au and Ag, and the anticipated similarity in adatom interactions, one might expect similar island formation and film growth modes. However, one surprise of our study is the discovery of strong differences. We can explain these variations and elucidate the detailed form of growth structures by exploiting high-level atomistic modeling.
There are subtle differences between Au and Ag that might be anticipated to influence their growth on NiAl(110), at least for thicker films. Bulk Au(110) is well known for its 2 × 1 (or sometimes 3 × 1) missing row reconstruction, a feature preserved in heteroepitaxy on well-matched fcc(110) substrates (25, 26) . DFT predicts similar 2 × 1 and 3 × 1 energies, actually with 3 × 1 slightly lower ignoring entropy contributions (27) . In contrast, Ag(110) does not display such reconstructions. However, our study reveals that differences in the interaction of Au and Ag with the NiAl(110) substrate are more important.
Experimental Observations. STM studies of the deposition of Au at 200 K and 300 K are now described and contrasted with our previous observations for Ag deposition on NiAl(110) (20) (21) (22) . First, consider island heights. The height of first level Au islands from line profiles is 0.25 nm at 200 K and 0.23-0.25 nm at 300 K (depending on tip bias) implying a monolayer structure, the details of which will be described further below. (See Fig. 1 A and Fig. 2.) In contrast, the height of first level Ag islands from line profiles is significantly larger: 0.33 nm at 200 K and 0.32 nm at 300 K (independent of tip bias), consistent with a bilayer fcc(110) structure (22) . (See Fig. 1 C  and D .) The height of second level Ag islands (populated above 40% coverage at 200 K) is 0.29 nm, again corresponding to a bilayer fcc(110) structure (22) . Thus, a first key observation is the strongly different vertical island structures for Au and Ag.
Second, consider island shapes. From STM data in Fig. 1 and in ref. 20 , Ag islands formed at 140-300 K always display rectangular (bilayer) growth shapes, which become progressively more elongated with increasing T in this entire range, achieving aspect ratios of 10 and higher at 300 K. These elongated structures are growth shapes rather than equilibrium shapes (which have smaller aspect ratios). In contrast, for Ag/Ag(110) homoepitaxy, monolayer rectangular islands become less elongated above 220 K, relaxing towards their equilibrium shapes (9) . Relaxation is less facile for the bilayer islands on NiAl(110). For Au islands on NiAl(110), shapes are also rather geometric (i.e., rectangular) at 200 K, but likely also to correspond to growth shapes rather than true equilibrium shapes. Au islands are actually more irregular at 300 K than at 200 K, which is unusual because islands are generally more regular at higher T due to enhanced edge diffusion and shape equilibration. (See Fig. 2 .) At this point we do not have a definitive explanation. Thus, generally islands display nonequilibrium growth shapes and thus could undergo postdeposition shape relaxation (possibly enhanced in catalysis applications).
Third, consider island densities, N isl , and ISD. N isl is significantly higher for Au than Ag, likely reflecting a lower effective critical size i (>1). (See below.) In both systems the ISD evolves from a strongly peaked monomodal form at 200 K to a barelypeaked form at 300 K. This trend contrasts standard behavior for homogeneous nucleation, revealing the operation of substantial defect-mediated heterogeneous nucleation at 300 K.
DFT-Based Stability Analysis. In all of our theoretical analysis and modeling of nanostructure formation and film growth at 300 K and below, we will neglect the possibility of intermixing or alloying of the deposited atoms with the substrate. Intermixing is perhaps more of a concern for Au than for Ag. XPS analysis indicates intermixing in Au islands annealed to 325 K after formation at 300 K. Annealing to 350 K enhances this process. In contrast, XPS reveals no evidence of intermixing at 300 K, although there could be rare occurrences.
A first goal is to determine the structure(s) of the observed Au islands and overlayers on NiAl(110). What are natural candidates? We consider flat n monolayer (ML) fcc(110) structures, for n ¼ 1;2;3;…; with first layer adatoms residing at short-bridge sites between two neighboring Ni (Ni-br), separated by 0.29 nm in the y-direction in Fig. 3B , rather than between two Al (Al-br). Given the propensity of the Au(110) surface to reconstruct, it is natural to also consider the n þ 1 2 ML 2 × 1 reconstruction (Fig. 3A 1 ) , and various possible forms of the 3 × 1 reconstruction with coverages n þ 1 3 ML (Fig. 3A 2 ) , n þ 2 3 ML (Fig. 3A 3 ) , and n þ 1 ML (Fig. 3A 4 ). There are also other more complex adlayer structures which turn out to be energetically favorable. Some have adatoms arranged locally in square (sq) and hexagonal (hex) motifs. Examples are a 3 2 ML sq-hex adlayer (Fig. 3C) , and a 5 3 ML sq-hex-hex adlayer (Fig. 3D) . In Fig. 4 , we present DFT results for the relative stability of various thin film structures vs. coverage for Au/NiAl(110) including: flat fcc(110) (gray circles); 2 × 1 reconstructed (green squares); and various 3 × 1 reconstructed (red squares) films. One caveat is that sometimes 3 × 1 structures relax significantly from the ideal structures shown in Fig. 3A , producing more than one stable structure. An unfavorable 2 ML fcc(110) structure with both Ni-br and Al-br sites (filled circle) is also shown. The 3 2 ML sq-hex structure in Fig. 3C is shown as a triangle, as is a slightly less favorable sq-hex structure obtained by a near-rigid translation taking Au on Ni-br sites to Al-br sites. The a slightly less favorable translated sq-hex-hex structure. There may also be other complex low energy structures. The relative surface energy in Fig. 4 is defined as the total energy of N atoms in the film per NiAl(110) unit cell less N times the bulk cohesive energy. Thus, the plot provides a simple way to compare the relative stability of different structures. To assess whether a structure is stable against "bifurcation" into a pair of structures with higher and lower coverage, one draws a tie-line between the pair and checks whether the energy of the structure of interest is below (stable) or above (unstable) this line. (However, not all energetically preferred bifurcations occur during growth due to kinetic limitations, particularly for pairs with farseparated coverages.) Our conclusion based on available results is that the sq-hex and sq-hex-hex structure are the most favorable for local coverages between 1 ML and 2 ML, and thus may correspond to those observed in experiment.
Why does Ag on NiAl(110) prefer a fcc(110) bilayer structure for low coverages in contrast to Au? Actually, both Ag and Au fcc(110) films on NiAl(110) display strong bilayer oscillations in the relative surface energy, with the even layer films being most stable. (See Fig. 4 and refs. 20-22 .) These bilayer oscillations reflect QSE, the half Fermi wavelength of confined electrons being roughly commensurate with a bilayer film thickness. One difference is that a monolayer Ag(110) film is unstable against bifurcation into a bilayer film and a bare substrate, in contrast to Au. In addition, nonfcc(110) structures with lower energy exist for Au as shown in Fig. 4 , although analogous structures could be competitive for Ag. Thus, calculation of these total energies for different film structures does not provide complete understanding into differences between Au and Ag film growth on NiAl(110), and provides little insight into the kinetics of film growth. This uncertainty prompts the additional atomistic-level analysis below. Fig. 3B.) LG modeling based on a single Ni-br adsorption site using the first approximate strategy described in the Methods section, with DFT input for key energetics, has elucidated the facile kinetics of Ag(110) bilayer island formation even at low T (20, 21) . A key factor is that weak adatom interactions in one direction facilitate upward transport. For Au/NiAl(110), isolated Au prefers the Ni-br site over the Al-br site by only 0.11 eV (cf. 0.24 eV for Ag). (See Fig. 5 .) Also, there is no QSEmediated preference for bilayer(110) over monolayer(110) islands. Thus, not surprisingly, monolayer island structures are favored in the initial stages of growth. (See Fig. 3 C and D. )
Further discussion is appropriate of energetically competitive and denser monolayer structures, anticipating that these could be viable for Ag as well as for Au on NiAl(110). For sq-hex structures as in Fig. 3C , adatoms sit at both Ni-br sites and at Ni-Al 2 threefold type sites (close to Al-br sites) labeled 4 in Fig. 5 . The latter are actually locally stable for Ag (21, 22) . The energetic cost for populating two less favorable Ni-Al 2 sites for each Ni-br site is offset by stronger lateral attractions between adatoms. In fact, another competitive sq-hex type structure is just translated from the above to have one adatom at the unfavorable Al-br site for each two at Al-Ni 2 threefold type sites labeled 3 in Fig. 5 . For sq-hex-hex structures as in Fig. 3D , one can see that all of Ni-br, Ni-Al 2 , and Al-Ni 2 threefold sites (types 1, 4, and 3) are occupied, stronger lateral attractions between adatoms offsetting the cost of populating less favorable sites. Another type of competitive translated sq-hex-hex structure populates Al-br and both threefold sites. Thus, the difference between Au and Ag presumably arises in part because it is easier in the case of Au for enhanced lateral attractions to offset the lower cost of populating less favorable sites.
A detailed analysis of the energetics and kinetics of sq-hex and sq-hex-hex island formation is possible within the framework of a multisite LG model in which different types of adsorption sites are populated. Determining adsorption energies for these sites (Fig. 5 ) and relevant adatom interaction energies allows characterization of the thermodynamics of this system (e.g., step energies and equilibrium island shapes). Fig. 3 B-D indicate the various dominant pair interactions and also possible significant trio interactions (which are stronger for Au) as assessed from DFT. Here, we do not give a detailed characterization but only remark that interaction strengths reflect the adatom pair separation in an expected way, with diagonal interactions of about 0.15 eV being relatively strong.
Regarding the kinetics of island formation, both Au and Ag diffuse essentially isotropically on the anistropic NiAl(110) surface via diagonal hops with similar diffusion barriers: 0.28 (0.27) eV for Au (Ag). Fig. 5 shows the transition state labeled as 5. The most stable dimer for Ag on Ni-br sites separated by 0.29 nm has a bond strength below 0.1 eV, indicating a transition out of irreversible island formation (i ¼ 1) by 140 K (20) . The same dimer configuration is most stable for Au, but weaker bonding implies an earlier transition to i > 1. For the higher T in our studies where i > 1, homogeneous nucleation is controlled by the most stable clusters with >2 atoms. Candidates may be more numerous for Au than Ag given the relatively low cost of occupying sites near the Al-br site. In summary, we have found that for both Au and Ag on NiAl (110), a rich variety of energetically competitive structures are available. Thus, slight differences in interaction of Au and Ag with the substrate can guide different selections. Characterization of these structures in terms of multisite LG models, and analysis of relevant adatom adsorption energies and interactions, can enable detailed atomistic-level modeling and KMC simulation.
Ni þ Al on NiAl(110): Nonequilibrium Alloy Nanostructures Next, we turn more briefly to a system that presents even greater chemical and structural complexity because it consists of two elemental metals deposited on the NiAl(110) binary alloy surface. We choose Ni and Al as the adsorbates because this lends insight into yet another basic issue: the pathways and kinetics of alloy self growth. As noted in the Introduction, one appealing feature of this system is that the equilibrium morphology corresponds to a simple perfect alloy overlayer for stoichiometric codeposition.
Our DFT analysis shows that isolated Al and Ni both prefer the Ni-br site over the Al-br site by 0.50 eV for Al and 0.15 eV for Ni. Interestingly, Ni favors the Ni-br site despite it being the "wrong" site for Ni in an ordered alloy overlayer. However, for deposition of either Al alone or Ni alone, dense islands form with both Ni-br and Al-br sites populated (contrasting Ag and Au). The local coverage is twice as high as for the first layer of Ag(110) films on NiAl(110) (defined as 1 ML), and also higher than that for the sq-hex ( 3 2 ML) and sq-hex-hex ( 5 3 ML) structures for Au/NiAl(110). The energetic penalty of populating the unfavorable sites is offset by stronger lateral attractions. Detailed STM studies have been performed that characterize the growth shapes of these Al islands and Ni islands. The observed behavior has been recovered via multisite atomistic LG modeling using the second general strategy described above. Analysis of the ISD for Ni and Al on NiAl(110) indicates that heterogeneous nucleation becomes prominent at 300 K, just as for Au and Ag.
Experiments on Sequential Codeposition. In the current work, we focus on nanostructure formation by sequential codeposition of Ni and Al on NiAl(110) at 300 K. Discrimination in mixed-composition islands between Ni and Al regions broader than a few nm across can be achieved because Ni islands always image with a height of 0.2 nm, but the height of Al islands varies from 0.2 nm for −2 V tip bias to 0.3 nm for þ2 V bias. Deposition of Al first, then Ni, produces islands with a simple ring structure which is clearly visible with þ2 V bias. (See Fig. 6 A and B. ) Ni aggregates around the Al core with little disruption of the core. The shape of the outer boundary of the Ni ring is similar to that of pure Ni islands. In contrast, deposition of Ni first, then Al, produces an irregular bumpy ring around the Ni core for þ2 V bias. Also, second layer Al islands appear towards the center of the island. (See Fig. 6 D and E.) Quantitative analysis reveals that the amount of second layer Al corresponds closely to the total amount of Al deposited directly on top of the growing island. Thus, there is negligible downward transport, a feature that can be traced to strong adsorption of Al on top of the Ni core (as confirmed by DFT).
For comparison, in Fig. 6 , we also show the simulation results corresponding to the experimental deposition protocol. For deposition of Al first, then Ni, it is clear that the aggregating Ni has barely changed the Al core from the original Al island (also shown as an inset). In contrast, for deposition of Ni first, then Al, the Al aggregating around a Ni core extracts some edge Ni atoms, creating an irregular defective ring which likely relaxes before imaging and which images bumpily. (The simulation in Fig. 6F does not show second layer Al.) Thus, our simulations are successful in recovering the key features of experiment. However, an even greater advantage of the modeling is the detailed atomistic-level insight that it provides into observed behavior, as discussed below.
Multisite LG Modeling of Nanostructure Formation. Codeposition of Ni and Al on NiAl(110) can be analyzed using our multisite LG model, necessarily adopting the second general strategy described above, given the complexity of this system. An extensive set of input energies is required. Fig. 7A summarizes the various adsorption site energies and distinct diffusion paths for Ni and Al on NiAl(110). Fig. 7 B-D illustrate some of the adatom interactions which impact edge diffusion and detachment, solid lines corresponding to both atoms at adsorption sites, and dashed lines to one atom at a transition state. Fig. 7B shows diffusion of Ni along the diagonal edge of an alloy island. The calculated barriers reveal such diffusion is facile. More relevant for interpretation of our experiments, Fig. 7C reveals that it is difficult to extract Al from a typical Al island edge even in the presence of one or more nearby Ni (smaller green circles). In contrast, Fig. 7D reveals that extraction of Ni from a typical diagonal Ni island edge is facile given the presence of just a single neighboring Al (smaller gray circle). (A separate analysis with Al below the Al-br site Ni yields an even lower extraction barrier of 0.46 eV.) What underlies the different behavior? For Ni extraction, the Ni-Al attraction is much stronger in the TS relative to the initial state. Thus, our atomistic modeling has also succeeded in explaining the subtle behavior in this comparative sequential codeposition study.
Our model can also be used to explore simultaneous stoichiometric codeposition. We have not yet performed such experiments, but simulation might guide them. For deposition at high enough T, one should form islands with near-perfect alloy ordering. However, at 300 K there is significant disorder, although quantitative analysis reveals more adatoms on the correct sites than the incorrect ones. (See Fig. 8 .) In summary, our experimental and simulated codeposition studies at 300 K reveal a variety of distinct nonequilibrium structures depending on the deposition protocol. None are close to displaying perfect equilibrium alloy ordering which is only achieved by deposition at higher T.
Summary and Outlook
We have provided detailed atomistic-level insight into the formation of single-and multicomponent metal nanostructures during epitaxial thin film growth on a binary alloy surface. Our success relies on an integrated combination of STM experiments and development of realistic atomistic-level multisite LG models (with DFT input). A number of concepts and findings have general applicability.
Alloy surfaces present complications for characterizing epitaxial growth due to multiple adsorption sites and adatom diffusion pathways. The former can lead to a variety of possible (thermodynamically competitive) atomic arrangements within islands and nanostructures. However, multisite LG models have the flexibility to treat these complications. Another general feature is that deposition at lower T drives systems far-from-equilibrium thereby accessing a vast phase-space of nanostructure morphologies, and of compositions for multicomponent systems. Islands can have extreme geometric shapes, e.g., highly elongated rectangles, or subtle irregularities, both cases reflecting the details of edge diffusion and detachment-reattachment kinetics. Similarly, the degree of alloy ordering for codeposition is controlled by subtle kinetic details. However, it is the diversity of this phase-space of structures which offers such great potential for tuning desired properties of these nanostructures.
We have also provided two powerful strategies enabling predictive modeling of far-from-equilibrium nanostructure formation. These incorporate accurate adatom hopping barriers into our LG models, a feature critical to their success. One strategy is just suited for single-component islands with simple shapes, e.g., Ag/NiAl(110). However, the other is completely general and can describe extremely complex multicomponent epitaxial systems. This general approach probes via DFT adatom interactions at transition states as well as at adsorption sites enabling precise description of hopping barriers for any complex step edge morphology and any local composition. 
